Field, laboratory, and historical data provide the basis for interpreting the effects of the Pelton-Round Butte darn complex on the surface water hydrology and geomorphology of the lower Deschutes River, Oregon, USA. The river's response to upstream impoundment and flow regulation is evaluated in terms of changes in predicted bedload transport rates, channel morphology, and channel-bed texture. Using a hydraulic model, we predicted discharges between 270 and 460 m3ls would be required to initiate bedload transport. Analysis of morphologic change at a long-term cross-section showed general scour and fill beginning at approximately 250 m3/s. Such bed-mobilizing flows have occurred less than 1 % of the time dwing the 7W-year period of record, substantially less frequently than on other alluvial rivers. Historical streamflow records and bedload tramport modeling suggest dam operations have had only minimal effects on the fkquency and magnitude of streamflow and bedload transport. Analysis of gage data collected just below the d a m complex revealed slow, minor degradation of the channel over the entire period of record, indicating the dams have not noticeably accelerated long-term incision rates. The dams also have had only minimal effect on channel-bed texture, as demonstrated by detailed analysis of longitudinal trends in surface and subsurface grain-sizes and bed armoring. This study presents a coherent story of the Deschutes River as a stable alluvial system. This stability appears to be due to a hydrologically uniform flow regime and low rates of sediment supply, neither of which has been substantially altered by the dams or their operation.
INTRODUCTION
2Currently at Biohabitats, Inc., Timonium, Maryland. Wolman, 19843 . Physical changes to channels downstream of dams can range from bed degradation and narrowing, to changes in channel-bed texture or armoring, to bed aggradation, bar construction, and channel widening, to no measurable change whatsoever [Petts, 1979; Williams and Wolman, 1984; Chien, 1985; Galay et al., 1985; Gilvear and Winterbottom, 1992; Collier et al., 1996) . The variability in channel responses downstream of dams reflects the complex interplay between the degree of flow regime alteration, the frequency of flows capable of transporting sediment, and the rate at which new sediment is supplied to the channel relative to the amount trapped by the dam [W?lliams and Wolman, 1984; Grant and Schmidt, this volume] . These complex and interacting factors limit our ability to predict the effect of any given dam on the downstream channel. Field and modeling studies are typically required to evaluate downstream changes and relate them directly to a dam and its operation. Such studies are becoming increasingly important as the operating rules and licenses for both Federal and non-Federal dams are renewed, and in light of changing societal expectations and objectives for river management.
This paper examines the downstream effects of the Pelton-Round Butte Hydroelectric Project (hereafter the "Project") on the lower Deschutes River in north-central Oregon ( Figure I ). We report and synthesize the results of coordinated studies. Major individual components include a bedload transport study to estimate frequency and magnitude of streamflow and bedload transport prior to and following Project construction [Fassnacht, 19981 ; a channel morphology study to identify temporal trends and magnitudes of changes in channel cross-section; and a channelbed texture study to evaluate longitudinal trends in bedmaterial properties downstream of the Project [McClure, 19981. Results from the channel morphology study complement those from Curran and OJConnor [this volume] . Observed responses of the Deschutes River are interpreted in light of the geologic and geomorphic setting of the river.
In the bedload transport study, the percentage of time that threshold transport conditions were equaled or exceeded was calculated based on field data, hydraulic modeling, and analysis of historical streamflow records. The robustness of the modeling results was confirmed by a sensitivity analysis
AND CHANNEL
Although we did not calculate a sediment budget, repeat surveys of Project reservoirs provided first-order estimates of pre-dam sediment supply to the lower river. In addition, field observations were used to assess relative inputs of bed material from tributaries during high flow events.
Effects of the Project on downstream channel morphology and channel-bed texture wereexamined by using historical cross-sections to measure channel aggradation or scour and using a field program designed to evaluate changes in the grain-size distribution of the channel bed. No pre-darn grain-size measurements exist for the lower Deschutes River. Prior post-dam studies [Huntington, 19851 did not retain all particle sizes for measurement, precluding comparison of current particle-size distributions with previous particle-size measurements. It was not possible to obtain representative samples of bed material upstream of the Project due to the location of major tributary confluences and associated fans, and to the large area inundated by the reservoir created by the Project. Consequently, we substituted space for time and examined downstream longitudinal trends in the size of the surface and subsurface bed-materia1 to evaluate the magnitude and extent of channel response. In addition, due to a large flood event that occurred after our first field season, we were also able to evaluate channel response by examining these same longitudinal trends prior to and following a large flood. Taken together, these different lines of evidence present a coherent and consistent story of the Deschutes River and Project effects. , Units given are mehic except for locations, which are relation to discharge. These results suggested extremely low given as River Miles (RM), or miles upstream from the river bedload transport rates that would be difficult to measure mouth as marked on USGS topographic maps. These values directly in the field-To estimate the frequency and mamiare close to, but not necessarily the same as, actual distances tude of bedload transport prior to and following Project conalong the present channel. Fractional river miIes given herestruction, bedload transport modeling was conducted and in are based on interpolations between these published river evaluated in the context of historical streamflow records.
miles. larger study area, a primary study reach, extending 21 krn between the Reregulating Dam and Trout Creek tributary (RM 87.3), was chosen based on the premise that the effects of the Project would be most pronounced in the reach closest to the dams. All field data used in the bedload transport study were collected within this primary study reach; the channelbed texture study included both the primary study reach and the entire study area.
Cities itqdTowlls f Dams
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Geomorphic and Hydrologic Setting
The lower Deschutes River is deeply incised into a 600-800 m deep bedrock canyon comprised of volcanic, volcaniclastic, and sedimentary units [O'Connol; Grant and Haluska, this volume] . Upstream, the upper Deschutes River basin drains highly porous and permeable Pliocene and Pleistocene basalt fields, which are fed by snowfields through a relatively undissected and poorly integrated stream network with many springs [Mnga, 1996; Gannett et al., this volume] . River widths in the lower river range from 10-170 m, with narrower sections reflecting reaches where the river flows through more resistant rock formations. Floodplains and terraces are rare in these confined reaches but more numerous in unconfined sections. Islands and submerged bars are key morphologic and ecologic features and are commonly associated with tributary fans and channel-margin expansions and constrictions [Curran and O'Connor, this volume] . Exposed bars are rare. For the purposes of this study, islands were defined as vegetated midchannel or channel-margin deposits bounded by water. Vegetation on islands included any combination of trees, shrubs, and grasses. Trees on islands were not cored; however, ages ranged from saplings to decades old. Bars were defined as unvegetated mid-channel and channel-margin deposits usually submerged at mean annual flow.
The quantity, composition, and source of sediment delivered to the lower Deschutes River has varied significantly over geologic and historic time scales [O 'Connor, Grant and Haluska, this volume]. Recent, proximal sediment sources include canyon-wall landslides and rock falls, and fluvial erosion of previously deposited material from both the main channel and its tributaries. The main-channel bed-material is basalt and andesite ranging in size from silt to boulders, with the majority of particles being gravel and cobbles. For most of its length, the lower river has very low sinuosity ( 4 . 2 , J. E. O'Connor, U.S. Geological Survey, written communication, 2002) and a very uniform channel gradient [approximately 0.23%, Aney et al., 1967; McClure, 19983. Native riparian species include white alder (Alnus rhombiofolia), willow (Salix spp.), sedges, rushes, and perennial grasses [Nehlsen, 19951. Although several macrophytes populate portions of the lower Deschutes, coontail (Ceratophyllum dernersum, identification, S. Gregory, Oregon State University, oral communication, 1998), also known as hornwort, is by far the most abundant, and is concentrated in the , reach closest to the Project. This floating macrophyte occupies zones of shallow, slow-moving water [Hmlam, 19871 and is anchored by shoots penetrating bed material.
The lower Deschutes River experiences only small seasonal variations in discharge because of large groundwater contributions [Gannett et al., 1996; Gannett et al., this voIume] . There are two active U.S. Geological Survey (USGS) stream' gaging stations on the mainstem lower Deschutes River: station 14092500 (Deschutes River near Madras, Oregon) located at RM 100.1 just downstream from the Reregulating Dam, and station 14103000 (Deschutes River at Moody near Biggs, Oregon) located at RM 1.4 near the mouth (Figure 1 ). Flow duration curves from the Madras station, for water years 1925-1 955 and 1966-1996 , ilIustrate the extraordinary uniformity of river flows (Figure 2 ). The mean daily discharge with a 90% exceedance probability is less than two times the 10% exceedance probability. The difference between the 1 % and 99% exceedance probability discharges is less than a factor of three.
Since the Madras gage began operation in 1924, the lower Deschutes River has experienced two exceptionally large floods in December 1964 and February 1996 (Table 1) . Both floods occurred as the result of rain-on-snow events. Round Butte Dam caught the peak of the December 1964 flood, which filled the reservoir for the first time, almost a year ahead of schedule.
Percent of Tirne M a n Daily Discharge Eyuulmf or Exceded Figure 2 . 30-year flow duration curves for pre-Project (water years 1925-1955) 
River Regulation
The Deschutes River is regulated by eight major water storage projects ( Figure 1 , Table 2 ) and numerous irrigation diversions; the dams in the basin retain a total of 128.107 m3 of water, 76% of which is permitted annual active storage (though on average only 38% is used). Permitted annual active storage is the volume of water that a dam is allowed to retain, and then release at a different time. Average annual active storage, or the average storage used, is the actual annual average difference between the minimum and maximum pool elevation recorded each year for a dam's reservoir (D. Ratliff, Portland General Electric, written communication, 2002) . The Project's Round Butte Dam impounds the basin's largest reservoir, Lake Billy Chinook, holding over 40% of the total water stored in the basin. However, this dam is responsible for only 11% of the basin's average annual active storage. The Pelton and the Reregulating Dams have no annual active storage. The purpose of the Reregulating Dam is to provide constant discharge to the lower Deschutes River while allowing daily peaking power production from Pelton Dam upstream. To accomplish this, the Reregulating Dam stores water and evens flow on a daily basis. Downstream of the Project, the Deschutes River flows uninterrupted to its confluence with the Columbia River. Upstream of the Project near Bend, substantial quantities of presence of the water storage projects and irrigation water water are diverted for irrigation, with as much as 94% of withdrawal systems upstream, the lower Deschutes River has monthly streamflow being diverted at the height of the irrigabeen able to maintain its historically stable discharge. tion season [Fassnacht, 19981 . However, about 85 m3/s, or 270.107 m3, of groundwater is estimated to enter the METHODS Deschutes system annually below major irrigation diversions and above Lake Billy Chinook [Gannett et al., 1996; Gannett Diverse methods were used to examine the Project's et al., this volume]. This is over five and a half times the annueffect on the lower Deschutes River. We focused our data a1 active storage used in the basin. As a result, even with the collection and analysis on those physical processes and aspects of channel adjustment that we predicted to be most sensitive to Project influences over the time since the Project's construction. Because of the different methods, study locations, and timescales of analysis used, we discuss methods and data analysis separately for each of the study components: bedload transport, channel morphology, and channel-bed texture. The results, which follow the methods section, are organized in a similar fashion.
Bedload Transport
Within the primary study reach, five sites were selected (sites B, D, E, H, and I; Figure 3 In 1995, cross sections were measured at each site along four to seven transects oriented perpendicular to the main direction of flow ( Figure 5) ; the number of transects measured per site depended on the site's morphologic complexity. Where the water was more than 0.5 m deep, cross-sectioaal profiles were measured using an Acoustic Doppler Current Profiler (ADCP) mounted on a jet boat. Horizontal positions were calculated from bottom tracking measurements taken along sighted cross sections. Depth resolution of the ADCP is approximately 0.1 m for a single beam [RD Instruments, 19961 . The instrument has four beams, each oriented at 20° from vertical. Estimated water depths at the time of measurement were around 2 m, resulting in a relatively small footprint delineated by the four beams. We made four passes per cross section with the jet boat to obtain more data points and to improve our ability to estimate water depth and therefore cross-section shape. On dry land or where the water was less than 0.5 m deep, elevations were surveyed using an electronic total-station. Vertical accuracy of cross-section points gathered by the electronic total-station is judged to be better than 0.1 m. site using a modified pebble-count technique [ Wolman, 19541. Approximately 100 particles per site were measured island and channel margins within or adjacent to each site; along a survey tape oriented parallel to streamflow.
deep, fast moving water precluded sampling the channel bed Sampling took place on shallow submerged bars, and along near the thalweg. regions of the river suggested that the range of grain sizes on the channel bed at each site was relatively narrow, and reasonably well represented by marginal deposits. These observations are supported by the results of a channel-bed texture study [McClure, 1 9981. Low-flow water surface elevations were measured during the summer 1995 cross-section surveys. Following the record flood in February 1996, we revisited all sites and surveyed the flood's high-water line against the 1995 elevations using a stadia rod and hand level. Discharges for September 1995 and February 1996 (the dates for which we obtained field measurements of water surface elevation) were derived from mean daily flow data from the Madras gage (station 14092500) for the site located above Shitike Creek confluence (Site B, Figure 3 ) and from the sum of the discharges measured at the Madras and Shitike Creek gages (Shitike Creek values from station 14092885, Figure 1 and T is top width), and S, is the downstream slope of the energy grade line, or energy slope. Energy slope was determined by fitting a regression line through "energy gradeline points", the sum of the average velocity head at a transect (where V, , is the average velocity and g is gravitational acceleration), and a regression line fit through water surface elevations measured in the field. Hydraulic mean depth was used instead of hydraulic radius to be consistent with parameters used in the bedload transport model. The shear stress required to entrain the median particle diameter of the channel-bed surface material, or critical shear stress (rdOs), was determined for each study site from Shields [1936] , where Z*c,50s is dimensionless critical shear stress, or Shields stress, for the median particle diameter of the channel-bed surface (Dm), ps is the density of the sediment, pfis the density of the fluid (water), and g is gravitational acceleration. For particles coarser than sand, Shields stress is essentially constant; we used a value of z*, , = 0.047, consistent with that used by Meyer-Peter and Mueller El9481 for coarsebedded rivers. After HEC-RAS was calibrated to September 1995 and February 1996 discharges and their associated measured water surface elevations, the model was run for a range of discharges, 100-500 m3/s, intermediate to the discharges used for calibration. Shear stress was plotted against discharge to construct a rating curve for each site (e.g., Figure 6 ). Critical shear stress was then calculated (Equation 3) for each site and superimposed on the site's rating curve to estimate the discharge required to produce threshold transport conditions (critical discharge, Q, ) at that site ( Figure 6 ).
We analyzed the sensitivity of the calculated critical discharges and corresponding shear stresses to important parameters-the energy slope ($), median particle diameter of the channel-bed surface (DJOs), and Shields stress for the median diameter of the channel-bed surface (flCrJOS). The parameters were changed one at a time by f 10% while all other independent parameters were held constant. The energy slope was varied by plus or minus one half of a standard deviation to maintain similitude with observed values. Standard deviation was calculated by using slopes derived from water surface elevations measured at all bedload transport study sites. The effect of the parameter variations on critical discharge was then evaluated. To test the robustness of the model to changes in more than one parameter at a time, the three parameters evaluated were varied simultaneously to either increase or decrease critical discharge.
Rating curves of predicted bedload transport rate (Qs) versus water discharge (Q) were constructed for each site for a range of discharges. Values for Qs were calculated by combining field measurements with hydraulic data derived fiom the HEC-RAS model, and inputting them, , to Parker's one-dimensional bedload transport model for gravel mixtures, as described in Fassnacht [I9981 and Parker [1990] . Bedload transport rates were calculated based on the assumptions that sediment supply was unlimited and channel-bed grain size remained constant through time.
Frequency and Magnitude of Streamflow and Bedload Transport. Annual and 30-year flow duration curves were constructed from mean daily flow data for the period 1925-1996 to evaluate changes in flow frequency with time. The 30-year curves specifically compare the pre-Project and post-Project (1 966-1 996) time periods.
Results fiom the hydraulic, sensitivity, and bedload transport analyses were further evaluated using historical streamflow data to make a first-order approximation of the frequency and magnitude of bedload transport in the primary study reach. The largest calculated critical discharge value for all sites examined was used in this analysis because, at this discharge, bedload transport should occur at all sites. The sensitivity analysis, where the three tested parameters were varied simultaneously, provided a range of what we considered the maximum deviation of the critical discharge value. These "alternate" lowest and highest critical discharge values were also evaluated in determining the frequency of bedload transport, to determine how sensitive results were to uncertainties in the flow analysis. The frequency of bedload 
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Discharge, in cubic meters p a second transport was calculated using historical daily streamflow records by determining the number of days over the period of record during which the calculated critical discharge (or the alternate values) were equaled or exceeded. The quantity of bedload predicted to have moved per day and per water year for water years 1925 to 1996 was calculated at Site B using the sediment rating curve. Days during which bedload transport was predicted to have occurred were called "transport days," and a continuous series of these days was called a "transport event." Bedload transport rates during the data-gathering phase of this study were assumed to be relatively consistent (and low) with the exception of the transport that occurred during the February 1996 flood.
Project Ejtrects on Streamflow and Bedload Transport. Determination of Project effects on streamflow is confounded by the presence of five dams (Table 2 ) and six major flow diversions upstream of the Project. In addition, water storage (both natural and anthropogenic), water diversions, irrigation return-flow, climate change, and interbasin groundwater exchanges influence the pattern of streamflow in the basin. Because of these confounding factors, we compared streamflow entering and exiting the Project to evaluate the Project's effects. Inflow-outflow comparisons are vaIuable because they provide one of the best estimates of the effect of a dam on downstream discharge and, consequently, on bedload transport.
Historical streamflow and reservoir storage data and the results of our previous analyses were used to examine the effects of the Project on water and sediment discharges. Hydrographs of mean daily inflow and outflow were developed for the Project for post-dam storm events whose discharge exceeded calculated threshold transport conditions.
Inflows to the Project were calculated using two methods. The first employed reservoir elevation data and elevationstorage rating curves [Duke Engineering and Services Consulting, Portland, Oregon, written communication, 1996; Fassnacht, 19981. For storm events where these data were not available, a second method was used; inflows were estimated by adding together discharges from the three main rivers tributary to Lake Billy Chinook: the Crooked, the upper Deschutes, and the Metolius Rivers (see Table 3 for details of gage locations). A correction factor was then applied to this sum to compensate for otherwise unaccounted-for discharges entering between the gages and Round Butte Dam. These discharges derive from an area equal to 4% of Lake Billy Chinook's total drainage area. To determine the correction factor, we selected storm events where reservoir elevation data were available and we calculated inflow using both the elevation-storage rating curve and the sum of the discharges from the three upstream USGS gages. The average of the differences in results was used as the correction factor. From the Project inflow and outflow hydrographs, the predicted quantity of bedload transported through the sites was calculated using sediment rating curves derived from the bedload transport analysis. Bedload transport calculations for sites located below Shitike Creek confluence and for all transport events except those in 1996, reflect only the bed material moved by streamflow as measured at the Madras gage, since Shitike Creek, which joins the Deschutes upstream of Site D, was ungaged during most transport events.
Channel Morphology
Cross-section measurements have been collected by the USGS at the 'Deschutes River near Madras' gage station (14092500) from January 1924 to the present. These measurements were analyzed for changes in channel-bed elevation and cross-sectionaI area from 1924-1998. Movement of the gage and associated cableway twice in connection with dam construction complicates comparison of channel change between pre-and post-dam time periods. Movement of the measurement cross-section occurred before any dams in the Project were closed, however. Locations and time periods over which measurements were made for the three locations of the Madras gage are shown in Table 1 . Channel changes described in this analysis are not meant to represent channel change experienced over the entire study area. Measurement cross-sections are specifically chosen for their stability and are, therefore, expected to show less change than elsewhere in the river. The present location of the gage, however, is representative of the river in the primary study reach.
Minimum streambed elevations from 1924-1998 were determined to evaluate the record for evidence of long-term degradation or aggradation at the gage site [Smelser and Schmidt, 19981 . In addition, cross-sectional areas were calculated for every third USGS cross-section measurement fiom 1957 to 1998. Cross sections prior to 1957 were not included because of the pronoinced stability (bedrock) of the streambed at the two gage locations during this time period. Areas were calculated for the part of the cross-section existing below 2 m from an arbitrary datum. This allowed for consistent comparison of data across the range of measured discharges. At some of the larger discharges, cross-section measurement data for one stream bank or the other did not begin until 1-1.5 m' or more below the datum. Simple linear regressions tested whether observed changes were significant. Temporal trends were examined by looking at changes in cross-section shape and area for measurements bracketing individual high discharge events. Crosssection measurements were also evaluated every 57 m3/s (2000 fi3/s) increment in flow, starting at 113 mVs, to investigate thresholds of general bed mobility over the cross section.
Channel-Bed Texture
Because islands and bars represent the dominant depositional features in the river, they were sampled to analyze longitudinal trends in bed material size. Sampled sites included islands and bars in comparable hydraulic settings [Kondolf, 19971 along which sampling grids could be safely established under low flow conditions. Around each island, four distinctive geomorphic environments were sampled: the head (upstream end), side (abutting main flow), side channel (side bordering secondary channel), and tail (downstream end) (Figure 7 ). Head and tail environments of selected bars were also sampled ( Figure 7 ). For hydraulic consistency, results presented here focus on comparison of grain-size distributions from heads of islands and bars. Analysis of other geomorphic environments shows similar trends [McClure, 19981. Nine islands and three bars were sampled in the primary study reach in the summer of 1995 (Figure 3 ) and then resampled in the summer of 1996 to document changes following the February 1996 flood. Eleven island heads in the lowermost 140 krn of the river were also sampled during the summer of 1996 to extend the analysis downstream to the Columbia River (Figure 8 ).
Surface bed-material was sampled at each site by measuring the intermediate (b-axis) particle diameter for three standard 100-particle pebble counts conducted on three overlap-vegetated island perimeters (Figure 7) . The use of a grid system insured independence of samples. Overlapping of surface sampling grids allowed for the testing of spatial autocorrelation at lag distances less than 1 m. Sampling environments showed neither clear nor consistent gradients to suggest bias introduced by sampling more particles from the central area of a 10 m by 20 m grid. Along with each particle measurement, the presence or absence of the macrophyte C. demersum was noted (Figure 9 ). Since the plant can trap fine sediment on the bed surface, it was necessary to account for its abundance in later analyses.
Although Wolman 119543 suggested that measuring 100 particles was sufficient for sampling, Rice and Church [I9961 recommended 400-stone samples to improve estimates of all percentiles to within a tenth of a phi unit [Q, = -log2(particle diameter in mm)] for 95% confidence limits. In this component of the study, pebble counts fiom a single area were pooled to form individual pebble counts of 200 to 600 particles for each site. This effectively reduced the Sample number to one for each island or bar head and, therefore, restricted the total number of sampled island and bar heads in both years to twenty-three. As a result, statistical methods were focused on estimating longitudinal variability between island and bar heads, rather than variability between pebble counts at each island or bar head.
Grain-size measurements from tributaries were used to identify local sources of sediment that could affect textural patterns within the mainstem. Tributaries sampled include Shitike Creek in the primary study reach and thirteen tributaries farther downstream (Figure 8 ). Pebble counts of 400 particles were conducted along reaches of two to ten channel widths by pacing back and forth between the bankfull channel margins. For each tributary, sampling was conducted near the confluence with the lower Deschutes but above the zone influenced by backwater fiom the mainstem.
The subsurface of the bed was also sampled at each site on the mainstem where surface sampling was conducted. The armor layer, extending to the depth of the largest surface particle, was removed by hand, and subsurface material extending to a depth between one to two times the thickness of the armor layer was scooped into a bucket. To prevent washing of fine sediment downstream, a sawed-off 55- the bucket to retain finer particles suspended during the sampling process. ping 10 m by 10 m grids (Figure 7 ) [ Wolman, 19541. Smaller At least one subsurface sample was collected beneath particles were binned into a c 2 mm category in \he field.
each pebble count grid in the summer of 1995 (Figure 7 ). To Sample grids were centered along a line through the island expedite sampling in the summer of 1996, only a sample or bar, parallel to flow, and spaced no more than 3 m from fiom the middle grid was obtained. trends in grain size and changes following the 1996 flood, while accounting for the abundance of C. demersum at each site. Because grain-size percentiles in a single grain-size distribution are correlated, only DjO values were tested statistically. The surface, subsurface, and arrnoring data were analyzed separately using multiple linear regression. Separate statistical analyses were conducted for data fiom the primary study reach (1995 and 1996) and for that from the entire study area (1996 only). Analysis of the surface grain-size, subsurface grain-size, and armoring data for the primary study reach and entire study area resulted in six statistical models. Each model of the three data sets included variables for location (River Kilometer, distance upstream from the mouth in kilometers) and year. Since these two variables were designed to identi-@ spatial and temporal patterns rather than to build a predictive model, they were not dropped from the model even if they were not statistically significant. Models for surface grain size also included a variable for the abundance of C. demersum; however, this variable was dropped fiom the model if it was not significant. Interactions between variables were tested at the 0.05 significance level. For each model, interaction terms with 2-sided p-values exceeding 0.05 were dropped. Following these guidelines, final models were developed. For each final model, the effect of influential points was evaluated, Significance of variables in the 
RESULTS
individual samples averaged about 20.3 kg by dry weight. Bulk samples fi-om 1995 were pooled to form samples averaging 60.9 kg for each site. All samples were dried in the laboratory and sieved using a progression of U.S. Standard sieves spanning the range fiom 101.6 mm to <0.063 mm.
For 
Bedload Transport
Entrainment and Transport of Bedload. A narrow range of critical discharges for bed entrainment was calculated for four of the five sites (Sites B, D, E, and I); site-averaged model estimates ranged from 3 10 to 340 m3/s as measured at the Madras gage (Table 4) . A critical discharge value for Site H could not be determined because the modeled critical shear stress was greater than the largest shear stress in the Q vs. z curve calculated for the site. Field observations (e.g., fresh gravel deposits) following the February 1996 flood, however, suggest that material was moved through Site H. Consistency of results fiom the remaining four sites and field evidence strongly suggest that hydraulic values modeled for Site H were over-predicted, and we treated the site as an outlier, removing it from hrther analysis. For the remaining four sites, the model predicted that bed material would begin to move first in the channel thalweg followed at higher discharges by mobilization of material over the entire cross-section (Table 4) We focused on the straight-zone sites (Sites B and D), which most closely fit the assumptions of the one-dimensional hydraulic model. The sensitivity analysis for these two sites showed that individual and simultaneous variation of S,, D,,,, I?,,,, did not substantially alter results of the hydraulic analysis. Critical discharges of 270 m3/s were obtained for both sites when-the three tested parameters were simultaneously varied to decrease critical discharge. Values of 420 m3/s and 500 m3/s (average 460 m3/s), were obtained for Sites B and D respectively, when parameters were simultaneously varied to increase critical discharge. These low and high values (270 m3/s and 460 m3/s) represent end members of what we will consider the maximum deviation of the critical discharge value for the examined straight-zone sites in the primary study reach.
Bedload transport of all size classes is predicted to occur close to the entrainment threshold modeled for Dso-sized bed material. Using Parker's model, we predicted bedload transport of all evaluated particle sizes to begin between -300 and 400 m3/s, with transport rates increasing with discharge ( Figure 10 ). Parker's model was derived for conditions when bedload transport is controlled by hydraulic conditions rather than particle availability [Parker et a] ., 19821; therefore, bedload transport rates represented here are those that occur following exceedance of threshold transport conditions and disruption of the channel-bed armor layer rather than just during the initial stage of transport. Frequency and Magnitude of Streamflow and Bedload Transport. Annual flow duration curves showed little change in flow frequency or magnitude over time ( Figure  11) . Comparison of composite 30-year flow duration curves for the pre-and post-Project time periods similarly revealed that dam effects on hydrology have been slight (Figure 2) . These results suggest that Project-induced changes in streamflow did not exist, were subtle, or were operating on time scales other than that of mean daily flow. Differences between the 30-year curves reflect the influence of climate on the two periods: severe drought occurred from the mid1920s through much of the 1930s, affecting the pre-Project curve, and the largest flood on record affected the postProject curve. Despite these climatic differences, curves for both time periods are quite similar, underscoring the remarkably stable flow for the Deschutes River prior to and following closure of the Project dams.
Our results predicted that events capable of mobilizing channel-bed material were rare. We found only 26 transport days from 1924 to 1996 (<I% of time) during which mean daily discharge equaled or exceeded 340 m3/s, the predicted threshold for bedload transport across the sites (Table 5) . These estimates are robust with respect to model parameta sensitivity; even ow most conservative estimates of parameter values indicated that bedload transport had occurred less than 1% of the time over the 70+-year period of record evaluated (Table 5) .
For this same time period, predicted bedload transport rates for Site B generally ranged from 2,000 to 3,000 mVyr for the years during which transport was predicted to occur ( Figure 12 ). Two notable exceptions were water years 1965 and 1996 as a result of the December 1964 and February 1996 floods. The 1964 flood was predicted to have transported 6,530 m3 of bed material and the 1996 flood 14,900 m3, or 7% and 42% respectively, of all material calculated to have moved through Site B since 1925.
Project Effects on Streamflow and Bedload Transport. Post-Project transport events were predicted to have occurred in December 1964 , January 1965 , March 1972 , February 1982 , and February 1996 . The 1964 event occurred prior to the Project being fully operational but was included in the analysis because this flood had the largest recorded inflow to the Project (Portland General Electric, 121 S.W. Salmon Street, Portland, OR, unpublished data, 1996) , the second highest discharge recorded downstream of the Project [Hubbard et al., 19971, and its peak was captured by Round Butte Dam, whose reservoir was filling for the first time. For simplicity, we refer to the four storms that occurred after the filling of the reservoir as 'post-filling' events; all five events together are called 'post-dam' events.
AND CHANNEL
Comparing hydrograph shapes for Project inflows and outflows showed that for all post-dam transport events, the Project stored water (inflow > outflow) on the rising limb of the hydrograph and released water (inflow < outflow) during and/or following the hydrograph peak (Figure 13 ). In all cases but the 1964 event, however, the amount of water stored and released was minimd compared to the overall discharge for the event and, in most cases, most changes in the hydrograph due to the Project occurred below critical discharge predicted for bedload transport. Although changes in the hydrograph at flows less than critical discharge are not important in the context of bedload transport or channel morphologic change, consequences of such flow reduction or enhancement on suspended sediment transport and ecological parameters might exist.
The Project had little effect on the magnitude or timing of post-filling-event flow peaks but delayed the peak of the 1964 event by four days and decreased its magnitude by around 140 m3/s (Table 6 ). We consider the Project's effect on the 1964 event unique.
Using Project inflow and outflow discharge values for each post-dam transport event, the quantity of bedload transported per day by these flows was predicted and compared for Sites B and D. The results indicated that, at these sites, the Project slightly increased bedload transport for the four post-filling events and substantially decreased transport for the 1964 event (Table 7) . Because Project inflows during the 1964 flood exceeded the upper limits of the sediment rating curve for Site B, transport rates for this event had to be extrapolated.
Channel Morphology
Comparison of USGS historical cross-section measurements for the Madras gage revealed that the channel bed was degrading at a very slow but statistically significant rate both prior to and following construction of the Project as indicated by decreasing minimum streambed elevations (2-sided p-value = 0.05 for 1924-1933; 2-sided p-value << 0.001 for 1929-1 956 and 1957-1 998) (Figure 14) . Although absolute degradation rates between pre-and post-dam time periods cannot be compared because the measurement cross-section was moved when construction began on the Project in 1957, the slopes of the 1929-1957 and the 1957-1998 trend lines are similar. The largest decreases in minimum streambed elevation after 1957 appeared to be associated with high discharge events, particularly those exceeding the predicted critical discharge of 340 m3/s (Figure 14b ). Prior to 1957, the measurement cross-section was located in a boulder-and bedrock-controlled section (USGS, unpub-Pcrcent of Time Daily Discharge Equaled or Exceeded lished data, 1957) and, therefore, was not as affected by tistically significant rate (Zsided p-value << 0.001), indilarge flood events as the more alluvial post-1957 site cating a very slight increase in channel capacity over time (Figure 14) . Between 1957 and 1998, net degradation at the ( Figure 15 ). he-1957 areas were not calculated because of channel thalweg was 0.14 m (Figure 14b ). Average degrathe extreme stability of the site (Figure 16 ). dation of the thalweg over the same time period was 0.09 m Examination of individual cross sections before, during, (Figure 14b ). For the post-1957 gage site, cross-sectional and aAer high discharge events showed channel scour durarea was found to increase with time at a very small but staing the events and partial to total refilling of scoured areas (Figure 17e ). The magnitude of channel "rebound" associated with high discharge events appears to be strongly related to the magnitude of the peak discharge experienced during the event (Figure 18 ). Similar channel rebound was noted much further downstream at the measurement trends in grain size emerged. In the primary study reach, bed surface Djo values at island and bar heads ranged from 30 mm to 95 mm (average 70 mm) during 1996 (Figure 19a) . Results fiom multiple linear regression showed no significant evidence for a change in surface Djo with distance, even after accounting for year and abundance of C. demersum (Table  8 ). In addition, the Trask sorting coefficient showed very little difference in surface particle sorting between sites (Figure 19b ). The coefficient generally ranged between' 1.3 and 2.7, but reached 5.9 at the island at RM 88.3 in 1995. Better sorting within surface deposits was not observed close to the Proiect. cross-section for the 'Deschutes River at Moody' gage Spatial variations in grain size between sites were strong- [McClure, 1 998) ly influenced by abundance of C. demersum, which traps These empirical repeat cross-section surveys suggest that sand in an otherwise sand-poor bed. In particular, high levtl~resholds for general channel-bed entrainment at the els of the macrophyte were strongly significant in lowering Madras gage site are exceeded beginning around 250 m31s the median grain size in the primary study reach @-value = ( Figure 1% d, e). At this discharge and higher, the entire 0.006; extra sum of squares F-test) ( Figure 19a ) where macrophyte levels were espe-1930 1940 1950 1960 1970 1980 1990 Water Yesr cially high in both 1995 and 1996. There was also little change in surface grain-size as a whole, between years at each site (Figure 20a ). Even after accounting for the effects of C. demersum, there was no statistical evidence for an overall change in surface Djo following the 1996 flood (Table 8) .
The bed subsurface Djo in the primary study reach was finer than that of the surface and ranged from 5 mm to 50 mm (average 20 mm, Figure 20b) . The final statistical model showed no evidence for a longitudinal trend in subsurface Djo values when year and the abundance of macrophytes were accounted for in the primary study reach (Table 8) .
The final statistical model showed no significant evidence for a temporal change in subsurface Dso in the primary study removed from the analysis for comparison, the overall decrease in subsurface D5, between years was significant (2-sided p-value = 0.012), suggesting that the subsurface may have fined somewhat in response to fine sediment inputs during the flood of February 1996.
Armoring ratios ranged fiom 1.3 to 1 1.9 (average 4.0) and generally declined with distance from the Project ( Figure  20c ). Multiple linear regression showed that the longitudinal trend in armoring was statistically significant (Table 8 ). The mean annoring ratio was estimated to be 0.16 less with each kilometer from the Project (95% confidence interval between 0.013 and 0.30). Although not statistically significant at p = 0.05, the results indicated that there might also have been an increase in annoring following the February 1996 flood (Table 8) . Three of the four sites closest to the Project showed the largest increases in armoring between years ( Figure 20c ). Data points fiom 1996 representing the bar at RM 99.6 and the island at RM 98.1 were influential in and Trask sorting coefficients averaging 2.4 (range 1.4--11.6). However, the two largest tributaries, the Warm this regression. When the two points were removed sepaSprings and White Rivers, did have particularly distinct rately or in combination, the decrease in armoring with disgrain-size distributions. The White River showed a strongtance fiom the Project remained significant at the 0.05 level.
ly bimodal distribution, with a high proportion of material less than 2 mm in diameter (Figure 23) , presumably sandy tribution (Figure 23 ). Despite this, mainstem DJo values material derived from reworked lahar and glacial deposits registered no coarsening downstream of the Warm Springs from Mt. Hood. There was no apparent decrease in DJo River confluence (Figure 24 ). Thus, even where tributaries values in the mainstem Deschutes directly downstream of input the most distinctive bed material to the mainstem, the White River confluence, however (Figure 24 ). The noticeable shifts in the mainstem bed material size did not Warm Springs River had a relatively coarse grain-size disoccur. 
DISCUSSION
Our analyses of bedload transport, channel morphology, and channel-bed texture all consistently characterize the Deschutes River as an unusually stable alluvial river. That stability is reflected in the infrequency of bedload transport events both prior to and following dam construction, the absence of pronounced morphologic or textural change following the record flood in February 1996, and the uniformity of grain size along the channel. Here we consider in detail some aspects of the Deschutes' stability and discuss its causes and implications for assessing the effects of the Project. Frequency and Magnitude of Bedload Transport. Modeled estimates of critical discharge were generally consistent across sites (Table 4) , giving confidence in results of the hydraulic model. General mobility of the channel bed was predicted to begin at dischaees of around 340 m3Is or, incorporating the results of the sensitivity analysis, between 270 and 460 m3ls for primary study reach sites. These model results were evaluated against a detailed analysis of longterm cross-section change in relation to discharge. The cross-section analysis (1 957-1998) showed general mobility of the channel bed beginning around 250 m3/s, near the lower end of the predicted range (Figure 17) . Furthermore, the dates during which bedload transport was predicted to occur (post-1957) coincide with the lowest measured elevations of the channel thalweg at the USGS measurement cross-section (Figure 14) , indicating that channel scour did occur during these events, as predicted.
Bedload transport at sites in the primary study reach was predicted to occur less than 1% of the time from 1924 to 1996. The combined effects of reasonable uncertainties of parameters used in the hydraulic modeling did not substantially alter these results. This frequency of transport is much lower than that in other gravel-bed rivers where studies have shown that bed material is typically moved about 5-10% of the time, or several times per year, at flows close to bankfull [Andrews and Nankewis, 19951 . The extremely low fiequency of bedload transport in the Deschutes River appears to result from the very uniform flow regime, absence of high flows, and coarse gravel-to-cobble substrate with a relatively high entrainment threshold.
The volume of bed material moved was also predicted to be low, generally between 2,000 and 3,000 m3/year for years in which transport occurred (Figure 12 ). In comparison, the Kemano River in British Columbia, Canada, a river with similar discharge and particle size to the Deschutes, has an estimated mean annual bedload transport rate of about 50,000 m3Iyear [Church, 19951 . During water year 1996, the most active year on record, the Deschutes was predicted to have moved only around 15,000 m3 of bed material ( Figure  12 , Table 7 ).
Low predicted frequency and magnitude of bedload transport and no physical evidence for channel aggradation implies that the lower Deschutes River has historically been a sediment-poor system both prior to and following Project construction. This inference is supported by a calculation of 1,249,000 m3 of sediment had been captured by Round kgIm3 [Fassnacht, 19981, the effective unit sediment supply Butte Dam between 1964 and 1998. This volume is nearly rate was calculated to be about 1 1 tonneslkrn2yr for the all the sediment of all particle sizes input from the Crooked 9,740 krn2 drainage basin above Round Butte Dam that and Deschutes Rivers to the mainstem lower Deschutes over directly contributes sediment (J.E. O'Connor, USGS, 34 years. The Metolius River fan was smaller than the detecunpublished data, 1999). This is an extremely low sediment tion limits of the survey. Using a sediment density of 2,740 supply rate relative to other rivers ( Table 9) . 1955 1960 1965 1970 1975 1980 1985 1990 These recent sediment surveys provide additional support to model predictions of low frequency and magnitude of bedload transport. If sediment supply is low and model predictions were incorrect (that is, if frequency and magnitude of transport were high), we would expect high rates of channel degradation and/or high armoring ratios directly downstream of the Project. Degradation rates just below the Project are about 2.2 d y e a r both before and after dam closure (Figure 14) . This rate of degradation is very low in comparison to those below dams from other selected U.S. rivers (Table 10) . Results from the channel-bed textural analysis also did not show any trends in armoring downstream of the Project (Figure 21) .
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The effects of the flood of February 1996, with the highest recorded peak discharge, provide additional support for interpretations of channel stability. This flood was predicted to have produced transport rates much larger than those from any other recorded event on the Deschutes River. Subsequent field investigations in April, August, and September 1996, indicated that bedload transport did occur during the flood as predicted by the hydraulic and bedload transport modeling. Field evidence of transport included the presence of new gravel and cobble deposits both in-stream and on vegetated islands and floodplains, and the absence of former small islands in the lower river. Although the flood resulted in localized bedload transport and disturbance of vegetation, it did not substantially reorganize channel bars and other surfaces; its most visible effect was the uprooting and breakage of riparian vegetation.
The occurrence of this large flood during the study period allowed us to examine whether the limited geomorphic change in the Deschutes was reIated to erosion thresholds not being exceeded since Project construction. Coarse-bedded rivers elsewhere have been shown to experience little or no degradation following impoundment because of the general infrequency of mobilizing flows [Petts, 1979; Church, 19951. Petts [I9791 hypothesized that in such 'non-mobile channels' a rare large flood, crossing some intrinsic threshold, may be required before channel adjustments will begin. Once that geomorphic threshold has been exceeded, a rapid phase of adjustment might ensue, redistributing channel and floodplain sediments. Critical discharge calculations predicted initiation of bedload transport at a discharge of about 340 m3/s as measured at the Madras gage. The flood of 1996 had a maximum mean daily flow of about 510 m3/s at the Madras gage. Despite its slightly less than 100-year return interval [Hosman et a!. , this volume], the 1996 flood did not appear to be the kind of large resetting flood Petts [I9791 discussed, as it had little effect on the existing bars and islands. Larger and more infrequent events are apparently responsible for shaping the primary channel features and morphology of the lower Deschutes River. Channel Features, Yegetation Patterns, and Historical Channel Changes. Channel morphological features and vegetation patterns along the lower Deschutes River and the results of the analysis of historical channel changes all support the interpretation of general channel stability. The river contains very few meander bends and point bars--common features in active alluvial channels. Many of the existing meanders are deeply incised into the lava flows that comprise the steep canyon walls. Tributary fans have built out into the river and constrained the channel. These fans appear to be old, judging fiom the age of their vegetation and their heavily weathered and desert-varnished boulders, and fiom the observation that the fans were not substantially modified by the February 1996 fi ood.
Channel stability is also implied by the scarcity of unvegetated deposits in the river. Islands, tributary fans, and floodplains are covered with grasses, sagebrush (Artemesia spp.), willows, sedges, and alders. Alders around 20+ years old can be found lining long stretches of channel banks and along the edges of many islands. These would be unlikely features if the Deschutes were an active alluvial river in which cobble, gravel, and sand deposits were often reworked. Aerial photographs also show stable channel boundaries and island locations [Curran and O'Connor, this volume] . Changes that do occur in island and bar morphology following floods tend to be associated with tributary confluences. One of the few islands that is not heavily vegetated is the first island downstream of the Shitike Creek confluence. New gravel was deposited on top and along the sides of this island by the February 1996 flood.
Analyses of historical cross-sections also suggest general channel stability. USGS cross-section measurements for the Madras gage showed extremely limited channel-bed degradation over the period of record (Figures 14, 16, 17) . Lateral movement of the channel at the cross-section was minimal (Figures 16, 17) . The majority of channel scour noted dur-influence bed material properties. The marked uniformity of grain sizes and armoring over sorting coefficients for surface bed-material.
the entire course of the river below the dams reflects absence of major changes in channel slope, limited range of ing high flow events was refilled in the weeks to months folgrain sizes introduced as bedload by tributaries, and minor lowing the event (Figures 17, 18 (Figures 2, 113 or of bedload transport (Figure 12 ) in the primary study reach following Project construction. Examination of individual events following Project construction did, however, suggest more subtle changes in both discharge and bedload transport at the event scale ( Figure 13 , Tables 6, 7) . Low frequency and magnitude of bedload transport, low sediment supply, and minimal Project-induced effects on streamflow suggest only limited channel degradation, or morphological or textural change, should be expected in the primary study reach foIlowing
The results of the bedload transport, channel morphology, and channel-bed texture components of our study provide strong evidence for the intrinsic stability of the Deschutes River system. Within this context of a stable channel environment, we now evaluate the direct effects of the Project on the lower Deschutes River.
Streamflow and Bedload Transport. The low frequency of discharges surpassing the predicted threshold for bedload transport provides a small data set with which to evaluate the downstream effects of the Project on bedload transport frequency and magnitude. Only four transport events were storage of tributary sediment in alluvial fans at tributary junctions, and similarity of bed-material size ranges between the main channel and tributaries. For example, much of the material transported by the White River during high flow events may be suspended sediment [U.S. Department of Energy, 19851, which is easily transported out of the basin by the Deschutes. As a result, the bed of the Deschutes is not noticeably finer downstream of the White River (Figure 24 ). Coarser bed materials carried by the Warm Springs River are typically deposited within the extensive, coarse fan complex at its confluence with the .S -. Deschutes. Sediment derived from the White and Warm Springs Rivers represents material with the largest size deviations from that of the mainstem, but for the most part is not incorporated into mainstem bed material (Figure 24 ). Some inputs of gravel from Shitike Creek, whose bed material more closely resembles that of the mainstem, appear to be deposited locally within the mainstem, inducing local, minor morphologic changes (for instance, island growth) and textural shifts in the channel bed. High armoring ratios near the Project (up to 11.9 at RM 98.1) after the 1996 flood appear to have resulted from subsurface fining, as the surface layer did not change significantly between years. This apparent increase in armoring via subsurface fining is contrary to most models of armor development Springs, oral: communication, 1999) . Consequently, the three high armoring ratios measured near the Project may not be correlated with the Project itself.
Another possible explanation for the apparent fining of subsurface bed-material between years is that subsurface sample sizes were smaller than necessary for accurately distinguishing temporal changes. While good precision in the sample mean can be achieved with sample sizes less than those suggested by DeVries [I9701 and Church et al. [I9871 for moderately sorted material, the accuracy is much less certain for smaller samples of poorly sorted materials such as fluvial gravel [Ferguson and Paula, 19971 . Following the for the largest clast would then require a sample weighing about 5,000 kg per site. Even using a relaxed criterion of 5% would still require 100 kg of bed material. Because of the potential error resulting from sample size, there is no evidence for subsurface fining, and consequently an increase in arrnoring, between years. The substantial labor involved in transporting such large sediment samples from a wilderness river and laboratory time required to process such samples is daunting. A precise description of grain-size distributions of bulk samples remains a difficult problem in studies of gravel-bedded rivers.
Geomolphic Implications of Channel Stability
Within the context of downstream response of a channel to river regulation, there are at least two implications of a stable river. First, a stable river might be able to withstand a relatively wide range of changes in flow with little effect on channel morphology and bed texture because the channel bed, for the most part, remains immobile. This may represent the current situation for the lower Deschutes River, where most changes in streamflow occur at discharges that are less than critical ( Figure 13 ). Even relatively large flows, such as those that occurred in February 1996, are unable to rework the channel substantially, perhaps because of the very low volume of sediment available for transport.
The second implication is that the imprint and consequences of whatever changes do occur in the channel may persist for a very long time. For example, if reservoir operations further reduced the already infrequent occurrence of flows near the threshold for bed material transport, textural changes such as increased compaction, cementation, or cohesion of bed materials could result, further reducing bed mobility. Here, not having a disturbance event can be a disturbance event itself [Junk et al., 19891 . On the other hand, changes to the channel morphology induced by surpassing high geomorphic thresholds, such as appears to have occurred during rare and exceptionally large paleofloods, could persist for geologically long periods of time until the next high magnitude disturbance event. Field evidence suggests that, during the Pleistocene and Holocene, mechanisms existed for generating floods much larger than anything recorded over the last seventy-plus years [Beebee and 0 'Connor, this volume; O'Connor et al., this volume] . These mechanisms included outburst floods from large landslide dams, debris flows, and glacially dammed lakes [O'Connor et at., this volume] . The legacy of these floods persists in the major rapids and slope profile breaks at Whitehorse, Buckskin Mary, and Boxcar (Figure 8 ) [O'Connor et al., this volume] , all of which were only slightly modified by the 1996 flood.
It was hypothesized that historically low sediment supply to and transport rates in the Deschutes River would limit textural and morphologic adjustments of the lower river following impoundment. Our results strongly support an inference of low rates of sgdiment supply and bedload transport. They also confirm very limited textural and morphologic change. The minor hydrological changes noted in the flow record since regulation suggest little change in the frequency of bed-mobilizing flows, and the results of the historical cross-section analysis show no change in the trend of minor channel-bed degradation that preceded Project construction. In other words, both the ratio of post-to pre-Project frequency of mobilizing flows and the ratio of post-to pre-Project sediment supply may be close to 1. In this case, morphologic and textural response downstream from the Project should, for the most part, be small. While it is possible that the morphological manifestations of a reduced sediment supply (i.e., degradation and coarsening of the channel bed) due to gravel being trapped behind the Project have not had a chance to occur, very modest change over the thirty-plus year Project history, which includes some major storms, argues against dramatic changes in the near future.
CONCLUSIONS
Independent analyses of hydraulics and bedload transport, historical streamflow, morphologic change, and channelbed texture together present a convincing argument'that the Pelton-Round Butte Hydroelectric Project has done little to alter the lower Deschutes River's naturally low frequency -and magnitude of bedload transport. In a system with low sediment supply, this has resulted in little apparent morphologic or textural response downstream of the Project. The river downstream of the Project appears to be astonishingly stable within its current flow regime and sediment supply, with the low rates of sediment transport keeping pace with the modest inputs of sediment. In a larger context, this study suggests that armoring, degradation, and morphologic change below dams may be limited where sediment transport rates and sediment supply are low.
Many studies of other rivers document amoring and degradation of the channel bed due to reduced sediment supply where flows are still competent to move a large portion of the bed material. In contrast, the Deschutes River represents a unique hydrologic and sedimentollogic environment where sediment supply and transport may be limited within time scales defined by the historical flow record.
